In Iithotripsy acoustic cavitation appears to play a role in both comminution of stones and damage to tissue. To investigate the role of cavitation, we used a pair of confocal electrohydraulic Iithotripters and a controlled delay between their pulses. The interpulse delay At modified the cavitation field without altering the peak positive and negative pressures, Bubble collapse time tc, mwsured by passively detecting acoustic emissions generated by the bubble, was used as a measure of cavitation activity. fie two-pulse sequence from the source shortened tc relative to the single-pulse value tc 1. Collapse times calculated using the Gilmore equation agreed well with measurements. Relative intensity of bubble collapse was determined by depth of pits created in aluminum foil. For pulse deIays At < 0.3tc ] the pit size decreased, which implied that the second pulse suppressed the collapse. Conversely, for delays in the range 0.5tc 1< At< tc ], cavitation apparently intensified, since pit depth increased by a factor of up to two. Pit depth correlated well with (calculated) pressure radiated by the bubble. When the two reflectors were pointed at each other and fired simultaneously, pitting was localized to a spot less than 1 cm in diameter.
INTRODUCTION
The role of cavitation in lithotripsy may be assessd if cavitation is the only mechanism of action dted between two tests. It seems reasonable that a change in the time delay At between two lithotripter pulses wotdd have little effect on any mechanism except cavitation.
Cavitation, however, can be mitigated or intensified by application of a well timed, second pulse [1] to suppress bubble growth or accelerate collapse as reported here.
EXPERIMENT
The two confocal, electrohydraulic Iithotripters are shown in Fig. 1 . Aluminum foil was placed along the reflector axes. Cavitation damage was Eorded as pits in the foil; each foil receivd one two-pulse sequence. Pit depth, measured by a profilometer, was used as a measure of relative cavitation intensity.
NumericaIIy, the pressure P~,X inside a collapsing spherical bubble was used as a relative measure of cavitation intensity. Calculations were made using the Gilmore-Akulichev formulation of bubble dynamics. [2-4] Initial bubble radius was 2 pm. Measured pulses were input data in the program.
The duration~of the growth and collapse cycle of the bubble was calculated with the Gilmore code and measured by passive cavitation detection.
Interpulse delays were measurd by a hydrophore and a photo-diode and were normrdized to tc 1 = 250ps, the duration of tie cycle created by a single pulse. Figure 2 shows a sample calculation of 1; the arrows indicate time placement of a second pulse.
RESULTS

Figure
Arrangement of confocd
Iithotripters and aluminum foil, Numerical and experimental results indicate cavitation damage from lithornpters can be intensified, mitigated, and localized by controlling the time delay At between pulses. Figure 3 shows pitting produced on a foil by a sequence of two Iithotripter pulses. Ordinarily, the foils show two tracks that cross at the focus. However, in Fig. 3 we show a close up of the first track only: it is the cavitation bubbles along this line that were affected by the second pulse. Figure 3a shows a foil where At (= 1.2tCI) was greater than t,l. The bubbles generated by the two separate pulses did not interact, and the damage is similar to pitting produced by a single pulse.
In Fig. 3b where At = 0.8t,t a broad path of deep pits is seen; the bubbles produced by the first pulse were driven to violent collapse by the second pulse. In Fig. 3c where At = 0.1 t, t weaker pitting than in (a) or (b) is observed. Bubbles that were generated by the first pulse were suppressed by the second pulse before they could grow to a large volume.
Depth of foil pits and I',,, are compared as functions of At in Fig. 4 . Although I',,, has little quantitative value, because the model equations are not valid at final collapse, we see good qualitative agreement between the predicted violence and measured pit depth.
Both graphs show intensified cavitation for At -0 (probably due to pressure doubling at the focus), mitigated cavitation for 0 < At < 0.3t,t (where the second pulse arrives while the bubble is still growing), and intensified cavitation for At > 0.5&t (presumably because the second pulse arrives as the bubble is starting to collapse and accelerates the implosion).
It appears that if the second pulse arrives after the first bubble has collapsed, no extra damage is created.
Because At varies over the surface of the foil, cavitation can be localized. With the reflectors aligned facing each other, an interspark delay >> kl produced a long stripe of pits (Fig. 5a ) that was nearly identical to that produced by a single pulse. Firing both lithotripters simultaneously, however, produced a localized intensified spot of pitting (Fig. 5b) within a mitigated region. In Fig. 5a there was no interaction between the bubble clouds of the two shock waves, and the two long straight lines of pits generated by the two sources are superimposed.
In Fig. Sb , pressure doubling at the center of the foil (At -0) appears to have intensified bubble collapse. Off the center, the pulses travel different distances and a small At arises suppressing bubble growth and mitigating collapse. . Two lithotripters facing each other produced (a) a stripe of pits when fued with an interspark delay greater than t,t and (b) a spot of deep pits within a mitigated region when fired simultaneously.
CONCLUSIONS
